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ABSTRACT 
Flash point is the most important variable employed to characterize fire and 
explosion hazard of liquids. The models developed for predicting the flash point of 
partially miscible mixtures in the literature to date are all based on the assumption of 
liquid−liquid equilibrium. In real−world environments, however, the liquid−liquid 
equilibrium assumption does not always hold, such as the collection or accumulation 
of waste solvents without stirring, where complete stirring for a period of time is 
usually used to ensure the liquid phases being in equilibrium. This study investigated 
the effect of stirring on the flash point behavior of binary partially miscible mixtures. 
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Two series of partially miscible binary mixtures were employed to elucidate the effect 
of stirring. The first series was aqueous−organic mixtures, including water + 
1-butanol, water + 2-butanol, water + isobutanol, water + 1-pentanol, and water + 
octane; the second series was the mixtures of two flammable solvents, which included 
methanol + decane, methanol + 2,2,4-trimethylpentane, and methanol + octane. 
Results reveal that for binary aqueous−organic solutions the flash-point values of 
unstirred mixtures were located between those of the completely stirred mixtures and 
those of the flammable component. Therefore, risk assessment could be done based 
on the flammable component flash point value. However, for the assurance of safety, 
it is suggested to completely stir those mixtures before handling to reduce the risk. 
 
Keywords: Flash point; Partially miscible mixtures; Stirring effect; Liquid−liquid 
equilibrium; Non-equilibrium
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1. Introduction 
In a given liquid, the flash point is the temperature determined experimentally at 
which the substance emits sufficient vapor to form a combustible mixture with air 
[1]. The lower the flash-point value, the greater the fire and explosion hazard [2]. 
Recently, the importance of flash point was dramatically highlighted in Taiwan after 
a series of explosions of essential oils and after the Shengli event. In the former 
series of accidents, six blasts occurring from January through August of 2003 left 
eight people badly burned. The fire and explosion hazard of liquids, such as 
essential oils, is primarily characterized by their flash point [3]. The Shengli event 
led to the temporary storage of large quantities of waste organic solutions at various 
factory sites and industrial park precincts [4, 5]. Thus, knowledge of flash-point 
data for these mixtures has become increasingly important to ensure safety of this 
voluminous storage. On April 29, 2007, a gasoline tanker crashed and burst into 
flames near the San Francisco−Oakland Bay Bridge in the USA, creating such an 
intense heat that a stretch of highway melted and collapsed. The transportation 
safety requirements for flammable liquids are primarily related to their flash-point 
values [6]. Thus, flash point is the most important variable used to characterize the 
fire and explosion hazard of liquids either in usage, storage, or transportation. 
The UN (United Nations) encouraged the worldwide implementation of the 
GHS (Globally Harmonized System of Classification and Labeling of Chemicals) in 
2008. In the implementation of the GHS, the flash point of mixtures is the critical 
property in the classification of flammable liquids. Unfortunately, flash-point data 
for a variety of mixtures are scarce in the literature, although composition ranges 
for specific mixtures used or produced in an industrial process can vary quite 
substantially. It is time-consuming work to derive flash-point data for mixtures 
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using test instruments. Thus, the EU (European Union) declared that the 
classification of mixtures would be delayed until 2015 [7]. The flash points of 
partially miscible mixtures are the least studied despite their use in the liquid−liquid 
extraction processes [8, 9] and heterogeneous distillation processes [10] 
encountered in many chemical plants. Flash-point data for partially miscible 
mixtures are urgently needed to facilitate evaluation of fire and explosion hazards. 
Our review of the literature revealed that the only published data available for 
partially miscible mixtures are those reported in our previous studies [11, 12, 13]. 
These data were all obtained under complete stirring in order to ensure the liquid 
phases to be in equilibrium. However, in the real world, partially miscible mixtures, 
such as the collection or accumulation of waste solvents, are not always under 
complete stirring. Rather, depending on their composition and density, they may 
exhibit phase decantation with the lightest phase above. 
Since the cost of deriving flash-point data from test instruments is very high, 
NT$20,000/US$600 per sample in Taiwan, several alternative models for predicting 
the flash points of different type of mixtures have been proposed, especially for 
miscible mixtures [3-5, 14-22]. However, to our knowledge, only three models have 
been proposed for partially miscible mixtures to date. The first is for binary 
partially miscible mixtures of flammable solvents, developed by Liaw et al. (2008), 
and its accuracy was verified using experimental data [11]. The second is for binary 
partially miscible aqueous−organic mixtures, and was also recently proposed by 
Liaw et al. (2008), with successful verification based on comparison with the 
experimental data [12]. The third is for ternary partially miscible mixtures of 
flammable solvents, also developed by Liaw et al. (2009), with prediction of flash 
point verified for both type-I and type-II mixtures [13]. These three models are all 
 3 
based on the assumption that the two liquid phases are in equilibrium with their 
compositions. The flash-point value for a given mixture is relative to its vapor 
pressure [2], which is dependent on the composition of the liquid phase. As the 
assumption of liquid−liquid equilibrium is not always true, we infer that flash point 
behavior for this case is quite different from that under liquid−liquid equilibrium 
(LLE). Thus, the effect of stirring on the flash point of binary partially miscible 
mixtures was investigated for aqueous−organic solutions and mixtures of 
flammable solvents. A mutual solubility region exists for the partially miscible 
aqueous−organic mixtures investigated in this study: water + 1-butanol, water + 
2-butanol, water + isobutanol and water + 1-pentanol. However, octane is almost 
immiscible to water, and the reverse also holds. For the mixtures of flammable 
solvents, methanol + octane and methanol + 2,2,4-trimethylpentane, which exhibit 
minimum flash point behavior, and methanol + decane, which has an unremarkable 
minimum flash point behavior, were also investigated as examples. 
 
2. Experimental protocol 
An HFP 362-Tag Flash Point Analyzer (Walter Herzog GmbH, Germany), 
which meets the requirements of the ASTM D56 standard [23], was used to 
measure the flash points with and without stirring for a variety of partially miscible 
mixtures (water + 1-butanol, water + 2-butanol, water + isobutanol, water + 
1-pentanol, water + octane, methanol + decane, methanol + 2,2,4-trimethylpentane, 
and methanol + octane) at different compositions. The apparatus incorporates 
control devices that program the instrument to heat the sample at a specified rate 
within a temperature range close to the expected flash point. The flash point is 
automatically tested using an igniter at specified temperature test intervals. If the 
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expected flash point is lower than or equal to the change temperature, heat rate-1 is 
used and the igniter is fired at test interval-1. If the expected flash point is higher, 
heat rate-2 is adopted and the igniter is fired at test interval-2. The first flash-point 
test series is initiated at a temperature equivalent to the expected flash point minus 
the start-test value. If the flash point is not determined when the test temperature 
exceeds the sum of the expected flash point plus the end-of-test value, the 
experimental iteration is terminated. The instrument operation was conducted 
according to the standard ASTM D56 test protocol [23] using the following selected 
parameters: start test 5ºC; end of test 20ºC; heat rate-1 1ºC/min; heat rate-2 3ºC/min; 
change temperature 60ºC; test interval-1 0.5ºC; and, test interval-2 1.0ºC. The liquid 
mole fraction was determined from the mass measured using a Setra digital balance 
(EL-410D: sensitivity 0.001 g, maximum load 100 g). A magnetic stirrer provided 
sufficient agitation for the test samples. Two sets of mixture types, completely 
stirred and unstirred, were tested for comparison. The prepared mixtures of the 
former set were stirred for 30 minutes before the flash point test, while the ones of 
the latter set were not. The unstirred samples were prepared in the test cup, and put 
into the Flash Point Analyzer carefully for test as soon as the preparation of samples 
has been completed in order to reduce any disturbance in the cup. A Milli-Q plus 
was used for water purification. Methanol and isobutanol were 
HPLC/Spectro-grade reagents (Tedia Co. Inc.; USA); 1-butanol, 1-pentanol, octane, 
and 2,2,4-trimethylpentane were also sourced from Tedia. 2-Butanol was purchased 
from Fisher Scientific International Inc. (USA). Decane was obtained from Alfa 
Aesar (Lancaster, England). 
 
3. Flash point prediction model for partially miscible mixtures 
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The flash point prediction model proposed previously for binary partially 
miscible aqueous−organic mixtures [12] and the analogue for the binary partially 
miscible mixtures of flammable solvents [11] were used in this study to estimate the 
flash points of such mixtures under liquid−liquid equilibrium. 
 
3.1 Model for aqueous−organic solutions 
Within the mutual-solubility region of a binary partially miscible 
aqueous−organic mixture, the flash point can be evaluated as [12]: 
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with the flammable component denoted as component 2 and water denoted as 
component 1. Where satfpiP , , in Eq. (1), is the vapor pressure of the pure substance, i, 
at its flash point, and satiP  is the vapor pressure of substance, i, at the mixture’s 
flash point. 
In the partially miscible region of a binary partially miscible mixture, two 
liquid phases are in equilibrium with compositions defining a so-called tie line. 
Since any liquid composition located on this tie-line, in particular the overall 
composition of both liquid phases in equilibrium, is in equilibrium with a single 
vapor composition located on the so-called vapor line [24, 25], the flash point in 
this region should remain constant regardless of the liquid composition on the 
liquid−liquid equilibrium tie line. 
The compositions between liquid phases in equilibrium can be estimated by 
the equilibrium equality of the compound fugacities in each phase [12]: 
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where α and β designate the two coexisting liquid phases. The activity coefficients 
γi in Eqs. (1) and (3), should be estimated using thermodynamic activity coefficient 
models adequate for partially miscible mixtures, such as the NRTL [26] or 
UNIQUAC equations [27]; both of these models were employed in this study. The 
constant flash-point in this region can be derived from the solution of Eqs. (1) – (3) 
[12]. 
 
3.2 Model for mixtures of flammable solvents 
Within the mutual-solubility region of a binary partially miscible mixture of 
flammable solvents, the flash point can be calculated as [11]: 
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As mentioned above in section 3.1, the flash point within the partially miscible 
region should remain constant regardless of the liquid composition on the 
liquid−liquid equilibrium tie line. The compositions between liquid phases in 
equilibrium can be estimated by Eq. (3). The temperature derived from the solution 
of Eqs. (3) – (5) is the flash point in the two liquid phases [11]. 
 
3.3 Binary interaction parameters used to estimate the activity coefficient 
Determining the flash point of a partially miscible mixture is a problem which 
involves issues related to LLE and VLE: the flash point definition of “sufficient 
vapor to become a combustible mixture” is related to VLE (Eqs. (1), (2), (4), and 
 7 
(5)), while partial miscibility concerns LLE as stressed by Eq. (3). Thus, LLE 
parameters are used in Eq. (3) to estimate the tie line equilibrium liquid 
compositions, and VLE parameters are used in Eqs. (1), (2), (4), (5) to compute the 
flash point. The flash point in the mutual solubility region was estimated by the 
VLE parameters. The span and the constant flash point of two liquid phases were 
estimated by the VLLE model, as suggested in a previous study [13], with Eqs. (1) 
− (3) or (3) − (5). For the mixtures of flammable solvents and aqueous−organic 
mixtures, the constant flash point of two liquid phases was estimated based on the 
estimated span approaching the lower boiling pure compound and the span 
approaching flammable, respectively. 
 
4. Results and discussion 
4.1 Parameters used in this manuscript 
The flash-point prediction model for binary partially miscible aqueous−organic 
mixtures and the analogue for binary partially miscible mixtures of flammable 
solvents, as described in sections 3.1 and 3.2, were used for water + 1-butanol, 
water + 2-butanol, water + isobutanol, water + 1-pentanol, water + octane, and 
methanol + decane, methanol + 2,2,4-trimethylpentane, methanol + octane, 
respectively. The prediction results were compared with corresponding data 
including two sets of measurements, with and without stirring before the test, in 
order to investigate the effect of stirring on the flash point behavior. The former set 
of data was published in our previous reports [11-13], and the latter one is listed in 
Tables 1 and 2. The average values of standard deviation of the measurements for 
unstirred aqueous−organic solutions and unstirred mixtures of flammable solvents 
is around 1.4 and 2.5oC, respectively, both of which are greater than those of the 
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complete stirring analogues, around 0.7oC. Liquid−phase activity coefficients were 
estimated using the NRTL [26] and/or UNIQUAC equations [27]. Binary 
interaction parameters obtained either from the LLE or VLE data were used in this 
study, with parameters adopted from the literature [8,10,28-36] (Tables 3, 4). The 
parameters for relative van der Waals volume (r) and the surface area (q) for the 
pure components needed in the UNIQUAC equation were obtained from the 
literature [33,37] and are listed in Table 5 along with the Antoine coefficients 
sourced from the literature [34-36]. 
The flash points for the pure substances used in this study were measured using 
the Flash Point Analyzer, and these values were comparable to their 
literature-derived analogues [23,38-51] (Table 6). There were between-source 
differences in the flash-point data for 1-butanol, 2-butanol, isobutanol, 1-pentanol, 
octane, methanol, decane, and 2,2,4-trimethylpentane. However, these differences 
were acceptable except for the value of 1-butanol provided by NIOSH [38], 
2-butanol by Tedia [41], 1-pentanol by Fisher [40], decane by SFPE [47] and 
2,2,4-trimethylpentane by Merck [39], SFPE [47], and Baker [50]. Our 
experimental flash-points for these eight substances were close to the 
literature-derived values [23, 38-49, 51], except for the ones mentioned above 
which had greater differences from other sources (Table 6). 
 
4.2 Partially miscible aqueous−organic mixtures 
4.2.1 Results 
The flash points predicted by the model, described in section 3.1, for water + 
1-butanol and the corresponding measured values are compared in Fig. 1. Whether 
NRTL or UNIQUAC model is used for the activity coefficient, the VLLE based 
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flash point model predictions were in good agreement with the experimental data 
obtained from the completely stirred mixtures over the entire flammable range. The 
measured flash-point values of the unstirred mixtures follow the trend of the 
completely stirred values but they are lower than the values of the completely 
stirred mixtures. 
In the narrow mutual solubility region on the water-rich side (xwater > 0.95), the 
values of the two measured sets were very close. Below xwater = 0.95, the measured 
flash-point values of the unstirred mixtures are close to but greater than that of pure 
1-butanol, slightly decreasing as the water fraction decreases (Fig. 1). Besides it 
was notices that any disturbance in the cup increased the flash point value (data not 
displayed in Fig. 1), that kept below that of complete stirring. 
A similar behavior is observed for the other partially miscible aqueous−organic 
mixtures of this study, water + 2-butanol, water + isobutanol and water + 
1-pentanol, which are displayed in Figs. 2-4. 
In contrast, the flash point values of the almost immiscible water + octane 
mixture with non-stirred were almost equivalent to those of the completely stirred 
mixture and were in agreement with the predicted values (Fig. 5). This finding is 
attributable to the near immiscibility of these compounds [52]. 
Finally, our observations indicate that two liquid phases exist almost over the 
entire flammable composition range of the studied aqueous−organic mixtures when 
they are not stirred, although they are miscible in the flammable-rich and 
flammable-lean regions after complete stirring. 
 
4.2.2 Discussion 
Because the densities of the flammable substances used in this study are all less 
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than that of water (Table 5), the upper layer of the two liquid phases for these 
studied aqueous−organic mixtures is the organic phase. If the quantity of the 
aqueous phase is low enough to be completely under the layer of organic phase; 
since the organic phase is the only phase to be in contact with the air, the flash point 
values of the mixtures are determined dominantly by the composition of organic 
phase. 
The observation that the flash points of the unstirred aqueous−organic mixtures 
were close to that of the pure flammable component over a wide composition range 
implies little water is soluble in the top organic phase, possibly as a consequence of 
decantation. As the mole fraction of water increased, more water molecules diffuse 
into the organic phase, resulting in the increase of flash-point value. When the mole 
fraction of water approached unity, the flammable mole fraction was low enough to 
be completely soluble in the water, and only one liquid phase, the aqueous phase, 
was observed. That explains why the flash-point values of the unstirred mixtures 
approached those of the completely stirred mixtures. 
Now, the non-ideal mixture flash point model combines liquid and vapor phase 
properties. Because the liquid phases were not in equilibrium for the unstirred 
mixtures, the mole fraction of flammable organic compound in the organic and 
aqueous phases were greater than and less than those of the completely stirred 
mixtures, respectively. Thus, the flash point value of the organic phase was lower 
than that of the aqueous phase. Concerning the vapor phase, its flammable 
composition is primarily contributed by the lower flash point phase, the organic 
phase; thus, the flash point value of the unstirred mixtures was mostly determined 
predominantly by the composition of the organic phase. 
Regarding the disturbance effect in an unstirred mixture, it improves mixing and 
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more water becomes soluble in organic phase. Until, under complete stirring it 
reaches the LLE value. That explains why the flash point value gradually increases 
under those disturbances but remains limited by the LLE value. 
For the water + octane mixture, since the two compounds are almost immiscible 
to each other [52], the flash point values of water + octane with complete stirring 
are almost constant, and are very close to the value of octane over the whole test 
range [12], the flash point values of such mixtures without stirring are almost 
equivalent to those of the completely stirred mixtures. 
Overall, the measured flash point for the aqueous–organic mixtures is never 
lower than the pure organic compound. Thus the fire and explosion hazard of these 
mixtures is correctly evaluated from the pure organic compound value. However, it 
is suggested to completely stir such mixtures before handling, so as to reduce the 
hazard because that will increase the mixture flash point. 
 
4.3 Partially miscible mixtures of flammable solvents 
4.3.1 Results 
Predictions using Eqs. (3) − (5) for methanol + decane are done with the binary 
interaction parameters listed in Tables 3, 4 and are compared with the measured 
values in Fig. 6. 
Predictions with the equilibrium model agree with the experimental data of 
completely stirred mixtures over the entire composition range. The difference in 
flash-point behavior between the unstirred mixtures and the completely stirred 
mixtures for methanol + decane was markedly different from that of the 
aqueous−organic solutions as described in section 4.2. The flash-point values of the 
unstirred mixtures were all greater than those of the completely stirred mixtures and 
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less than that of decane, which is the highest boiling pure compound. The same 
behavior is observed in the other partially miscible mixtures of flammable solvents, 
methanol + 2,2,4-trimethylpentane and methanol + octane, which are displayed in 
Figs. 7 and 8. 
 
4.3.2 Discussion 
The same arguments than before explain the observations: The unstirred 
mixture of methanol + decane separated into two liquid phases over the test range 
excluding the region around pure methanol and that around pure decane. Since the 
density of decane is less than that of methanol (Table 5), the upper layer of this 
partially miscible mixture is the decane-rich phase. Thus, the flash-point value is 
predominantly determined by the composition of the decane-rich phase when the 
quantity of the methanol-rich phase is not great enough to result in exposure to the 
air. The mole fraction of decane, the highest boiling pure compound, in the 
decane-rich phase for this unstirred mixture is greater than the analogue under LLE. 
Thus, the measured flash-point values of the unstirred mixture lie between those 
under LLE and that of pure decane which is one of the highest among pure 
compound [4,11,53]. 
As the mole fraction of methanol increases, the quantities in the methanol-rich 
phase and decane-rich phase increased and decreased, respectively. There exists a 
composition range where the decane-rich phase upper layer volume is not great 
enough to cover all the air-exposed surface area. In such a region some 
methanol-rich phase and patches of decane-rich phase are in contact with the air. As 
the flash point of the methanol-rich phase is lower than that of decane-rich phase 
for this unstirred mixture, the flash point value is determined by the methanol-rich 
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phase in this region, ultimately reaching the methanol-rich phase value as the 
overall methanol fraction increases. In the decane-rich region, the steep variation of 
flash point is due to the effect of decane as in stirred flash point measurements. 
For the methanol + 2,2,4-trimethylpentane partially miscible mixture, the lighter 
2,2,4-trimethylpentane-rich phase lies above the heavier methanol-rich phase (Table 
5). Thus, the unstirred mixture flash point value was determined by the 
2,2,4-trimethylpentane-rich phase over the non-equilibrium two liquid phase 
composition range, except near the methanol-rich region. The fact that the unstirred 
mixture flash point values were only slightly less than that of pure 
2,2,4-trimethylpentane (Fig. 7) can be attributed to the smaller than equilibrium 
quantity of methanol solubilized in the 2,2,4-trimethylpentane-rich phase. Beyond 
the non-equilibrium two liquid phases region, near pure methanol the single phase 
flash point value increases with the mole fraction of methanol and as expected, was 
close to that of completely stirred mixtures. 
For the methanol + octane mixture the lighter octane-rich phase lies above the 
heavier methanol-rich phase, thus, the unstirred mixture flash point value is 
determined by the octane-rich phase composition in the non-equilibrium two liquid 
phase composition span. At equilibrium, this mixture exhibits a strong minimum 
flash point value and the flash point values decrease sharply as a small quantity of 
methanol (resp. octane) is put into octane (resp. methanol) (Fig. 8). The same trend 
hold for the unstirred mixtures, but with a two phase flash point value higher than 
the equilibrium one, like the former methanol + 2,2,4-trimethylpentane. 
As the mole fraction of methanol increased, the unstirred mixture flash points 
can be considered constant over a wide composition rage (Fig. 8). It may indicate 
that the solubility of methanol in the octane-rich phase is not increased. 
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In the methanol-rich phase, the unstirred mole fraction of methanol is greater 
than that of the completely stirred one, explaining why the unstirred value is higher 
than the equilibrium one. 
 
5. Conclusion 
The models proposed previously for flash-point prediction of binary partially 
miscible mixtures [11, 12] are based on the assumption that the two liquid phases 
are in equilibrium. It cannot guarantee that such two models are able to represent 
the experimental data of unstirred mixtures, which do not satisfy the LLE 
assumption, although they can describe the measurements for completely stirred 
mixtures. 
For the unstirred mixtures of flammable solvents, the flash point values were 
between those of the completely stirred mixtures and the component with the 
highest flash point. In the implementation of GHS, when test instruments are used 
on industrial sites, it then becomes recommended that the test samples must be 
completely stirred before test, otherwise, the fire and explosion hazard of such 
mixtures will be underestimated. 
For the partially miscible aqueous−organic mixture, the unstirred flash point 
values lie between those of the equilibrium mixture with complete stirring and that 
of the pure flammable. The pure flammable compound flash point is then the lowest 
of the mixture. Thus, it is suggested to use the flash-point value of the flammable 
component to assess the fire and explosion hazard for a partially miscible 
aqueous−organic mixture. 
 
Nomenclature 
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A, B, C =Antoine coefficients 
Aij = coefficient in Table 3 (J/mol) 
aij = parameter in Table 3 (J/mol) 
bij = parameter in Table 3 (J/mol·K) 
cij = parameter in Table 3 (J/mol·K2) 
g = binary parameters of the NRTL equation (J/mol) 
sat
iP  = saturated vapor pressure (kPa) 
sat
fpiP ,  = saturated vapor pressure of component, i, at flash point (kPa) 
R = gas constant (8.314 J/mol·K) 
T = temperature (K) 
TC = upper critical solution temperature (UCST) (K) 
Ti,fp = flash point temperature of pure component, i (K) 
u = binary parameters of UNIQUAC equation (J/mol) 
x = liquid-phase composition 
Greek letters 
αij = NRTL parameter 
ij'α  = parameter in Table 3 (J/mol) 
ij'β  = parameter in Table 3 (J/mol·K) 
γ = activity coefficient 
ij'γ  = parameter in Table 3 (J/mol·K2) 
ij'δ  = parameter in Table 3 (J/mol·K3) 
ijτ  = NRTL parameter 
Subscripts 
i = species i 
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Superscripts 
α = α phase 
β = β phase 
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FIGURE LEGENDS 
Fig. 1. 
 
Fig. 2. 
Comparison of predicted flash point and experimental data for completely 
stirred and unstirred water (1) + 1-butanol (2). 
Comparison of predicted flash point and experimental data for completely 
stirred and unstirred water (1) + 2-butanol (2). 
Fig. 3. Comparison of predicted flash point and experimental data for completely 
stirred and unstirred water (1) + isobutanol (2). 
Fig. 4. Comparison of predicted flash point and experimental data for completely 
stirred and unstirred water (1) + 1-pentanol (2). 
Fig. 5. Comparison of predicted flash point and experimental data for completely 
stirred and unstirred water (1) + octane (2). 
Fig. 6. Comparison of predicted flash point and experimental data for completely 
stirred and unstirred methanol (1) + decane (2). 
Fig. 7. Comparison of predicted flash point and experimental data for completely 
stirred and unstirred methanol (1) + octane (2). 
Fig. 8. Comparison of predicted flash point and experimental data for completely 
stirred and unstirred methanol (1) + 2,2,4-trimethylpentane (2). 
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Table 1 Measured flash point for unstirred partially miscible aqueous-organic 
mixtures 
 
x1 water (1) + 
1-butanol (2) 
(oC) 
water (1) + 
2-butanol (2) 
(oC) 
water (1) + 
isobutanol 
(2) 
(oC) 
water (1) + 
1-pentanol 
(2) 
(oC) 
water (1) + 
octane (2) 
(oC) 
0 36.9 22.0 28.5 49.5 14.5 
0.01 - 21.7 - 49.6 - 
0.02 - 21.9 28.5 49.7 - 
0.03 - 22.1 28.5 - - 
0.05 36.8 - - - 14.3 
0.1 36.9 22.5 28.4 50.4 15.0 
0.2 37.6 22.5 28.7 50.6 14.9 
0.3 37.2 22.3 28.9 50.5 14.6 
0.4 38.1 22.4 29.1 50.8 14.7 
0.5 37.8 22.5 29.3 50.7 15.0 
0.6 38.1 22.9 30.1 50.7 14.4 
0.7 37.8 23.5 30.4 50.9 14.1 
0.8 38.3 24.1 31.6 51.2 14.5 
0.9 38.3 23.8 31.2 51 13.8 
0.95 38.6 25.3 - 53.4 14.7 
0.97 - 26.6 32.4 - - 
0.98 39.8 27.3 33.7 - - 
0.99 41.6 44.1 43.9 56.2 14.6 
0.992 51.3 - - - - 
0.993 54.4 51.6 - - - 
0.994 57.6 - 52.9 - - 
0.995 62.9 58.1 57.5 - - 
0.996 69.3 63.6 60.5 59.5 - 
0.997 - - 66.0 64.5 - 
0.998 - - - 71.5 - 
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Table 2 Measured flash point for unstirred partially miscible mixtures of flammable 
solvents 
 
x1 methanol (1) + 
decane (2) 
(oC) 
methanol (1) + 
2,2,4-trimethylpentane (2) 
(oC) 
methanol (1) + 
octane (2) 
(oC) 
0 51.8 -8.1 14.5 
0.005 48.0   
0.01 30.4 -8.6 12.6 
0.02 22.8 - 10.5 
0.03 - - 8.9 
0.04 19.7 - - 
0.05 18.3 -8.4 7.3 
0.06 15.5 - - 
0.1 15.7 -9.1 4.8 
0.2 15.2 -8.7 5.0 
0.3 15.9 -9.0 4.2 
0.4 14.5 -9.6 4.3 
0.5 16.0 -9.6 4.3 
0.6 13.8 -9.5 4.2 
0.7 12.9 -9.2 4.3 
0.8 11.7 -9.6 3.9 
0.9 11.4 -9.3 4.5 
0.95 10.3 -9.6 3.8 
0.97 - -7.4 - 
0.98 11.1 -4.7 4.0 
0.985 - - 5.1 
0.99 - -0.1 6.1 
0.992 - 1.1 - 
0.995 10.8 4.83 7.5 
0.998 9.8 - - 
1.0 10.0 10.0 10.0 
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Table 3 LLE parameters of the NRTL and UNIQUAC equations for the studied 
systems 
ij System TC 
(K) 
α12 Parameters 
12 12 
Reference 
NRTL equation a 
aij -2610.15 -3884.30 
bij 19.4473 30.3191 
Water (1) + 
1-butanol (2) 
- 0.45 
cij -0.0237040 -0.0527519 
[10] 
aij -2744.73 -3871.43 
bij 19.1484 25.0760 
Water (1) + 
2-butanol (2) 
- 0.45 
cij -0.0228962 -0.0393948 
[10] 
Water (1) + 
isobutanol (2) 
- 0.3 τij 3.770 0.025 [28] 
aij -169.718 4197.06 
bij 12.5591 -7.5243 
Water (1) + 
octane (2) 
- 0.2 
cij 0 0 
[29] 
ij'α  751.016 63.260 
ij'β  1.831 8.375 
ij'γ  -0.211 9.502×10-3 
Methanol (1) 
+ octane (2) 
339.69 0.2 
ij'δ  2.542×10-3 -6.654×10-4 
[8] 
ij'α  594.073 147.674 
ij'β  6.255 6.282 
ij'γ  -0.588 0.178 
Methanol (1) 
+ 
2,2,4-trimethyl 
pentane (2) 
316.84 0.2 
ij'δ  1.070×10-2 -5.702×10-3 
[8] 
UNIQUAC equation b 
aij -1237.85 -4.72337 
bij 7.12425 1.36693 
Water (1) + 
1-butanol (2) 
- - 
cij -0.0066927 -0.0047593 
[10] 
aij -1276.11 -145.764 
bij 7.59662 1.46978 
Water (1) + 
2-butanol (2) 
- - 
cij -0.0083095 -0.0038732 
[10] 
aij 242.413 90.395 
bij 0 0 
Water (1) + 
1-pentanol (2) 
- - 
cij 0 0 
[30] 
aij 195.95 2446.88 Water (1) + 
octane (2) 
- - 
bij 0 0 
[31] 
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cij 0 0 
aij 8255.57 1472.06 
bij -7.37400 -4.33899 
Methanol (1) 
+ decane (2) 
- - 
cij 0 0 
[32] 
Methanol (1) 
+ 
2,2,4-trimethyl 
pentane (2) 
- - Aij -30.557 738.15 [33] 
a
 
2TcTba
R
gg
A ijijij
jjij
ij ++=
−
=  
or 
32 )(')(')('' TTTTTT
R
gg
A CijCijCijij
jjij
ij −+−+−+=
−
= δγβα  
b
 
2TcTba
R
uu
A ijijij
jjij
ij ++=
−
=  
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Table 4 VLE parameters of the NRTL and UNIQUAC equations for the studied 
systems 
NRTL a UNIQUAC a Mixtures 
A12 A21 α12 A12 A21 
Reference 
Water (1) + 1-butanol 
(2) 
1332.336 193.464 0.4056 193.397 129.827 [34] 
Water (1) + 2-butanol 
(2) 
891.640 133.786 0.4406 116.950 87.753 [34] 
Water (1) + isobutanol 
(2) 
1109.011 114.185 0.3155 142.459 150.949 [34] 
Water (1) + 1-pentanol 
(2) 
1643.518 60.776 0.3309 252.687 77.061 [34] 
Methanol (1) + decane 
(2) 
- - - -58.522 933.899 [35] 
Methanol (1) + octane 
(2) 
      
Methanol (1) + 
2,2,4-trimethylpentane 
(2) 
728.279 697.771 0.4313 -30.042 793.817 [36] 
a
 NRTL: Aij= (gij-gjj)/R; UNIQUAC: Aij= (uij-ujj)/R 
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Table 5 Antoine coefficients and density for solution components, and relative van 
der Waals volumes (r) and surface areas (q) for the pure components for the 
UNIQUAC model 
Antoine coefficients a Relative van der Waals 
volumes (r) and surface 
areas (q) 
Density Material 
A B C Reference r q Reference ρ Reference 
1-Butanol 7.83800 1558.190 -76.119 [34] 3.4543 3.052 [37] 0.81 [54] 
2-Butanol 7.47429 1314.188 -86.500 [34] 3.4535 3.048 [37] 0.808 [54] 
Isobutanol 8.53516 1950.940 -35.853 [34] 3.4535 3.048 [37] 0.806 [54] 
1-Pentanol 7.39824 1435.570 -93.202 [34] 4.1287 3.592 [37] 0.8110 [54] 
Octane 6.93142 1358.800 -63.145 [34] 5.8486 4.936 [37] 0.7028 [54] 
Methanol 7.97010 1521.230 233.970 [36] 1.4311 1.432 [33] 0.7960 [54] 
Decane 7.44000 1843.120 230.220 [35] 7.1974 6.016 [37] 0.7365 [55] 
2,2,4-Trimethyl 
pentane 
6.80304 1252.590 220.119 [36] 5.8463 5.008 [33] 0.692 [42] 
a
 log(P/mmHg)=A-B/[(T/K)+C] 
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Table 6 Comparison of flash-point values adopted from the literature with 
experimentally derived data for the studied solution components 
Component Experimental data (°C) a Literature (°C) 
1-Butanol 36.9 ± 2.8 28.88 [38] 
34 [39] 
35 [40-42] 
36 [43] 
37 [44] 
2-Butanol 22.0 ± 2.4 23.88 [38] 
24 [39,40] 
26 [42] 
28.88 [41] 
Isobutanol 28.5 ± 0.9 27.77 [38] 
28 [39,40,42] 
29 [41] 
1-Pentanol 49.5 ± 1.2 38 [40] 
48 [45] 
48.33 [41] 
49 [39,42] 
50 [46] 
Octane 14.5 ± 1.4 13 [39,40] 
13.33 [38,41] 
15 [42] 
Methanol 10.0 ± 0.8 12 [39,47] 
11 [48] 
10 [42] 
2,2,4-Trimethylpentane -8.1 ± 1.3 -7 b [42] 
-8 [49] 
-12 [39,47,50] 
Decane 51.8 ± 1.0 44 [47] 
50.9 ± 2.3 [23] 
52.8 ± 2.3 [51] 
a
 The uncertainty is in double standard deviation 
b
 Provided by Tedia 
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Fig.1. Comparison of predicted flash point and experimental data for completely
           stirred and unstirred water (1)+ 1-butanol (2). 
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Fig.2. Comparison of predicted flash point and experimental data for completely
           stirred and unstirred water (1) + 2-butanol (2). 
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Fig.3. Comparison of predicted flash point and experimental data for completely
           stirred and unstirred water (1) + isobutanol (2). 
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Fig.4. Comparison of predicted flash point and experimental data for completely
           stirred and unstirred water (1) + 1-pentanol (2). 
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Fig.5. Comparison of predicted flash point and experimental data for completely
           stirred and unstirred water (1) + octane (2). 
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Fig.6. Comparison of predicted flash point and experimental data for completely
           stirred and unstirred methanol (1) + decane (2). 
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Fig.7. Comparison of predicted flash point and experimental data for completely
           stirred and unstirred methanol (1) + 2,2,4-trimethylpentane (2). 
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Fig.8. Comparison of predicted flash point and experimental data for completely
           stirred and unstirred methanol (1) + octane (2). 
 
 
 
 
 
 
 
 
 
 
 
 
